Introduction
[2] ETS (Episodic Tremor and Slip) involves the synchronous occurrences of both slow slip and non-volcanic tremor and has been observed repeatedly at both the Cascadia and Nankai subduction zones [Rogers and Dragert, 2003; Obara et al., 2004] . To understand whether the ETS in the two subduction zones is governed by the same physical process, it is important to explore their similarities and differences [Ide et al., 2007] .
[3] The widely publicized northern-Cascadia ETS events typically span a distance of 200 -300 km along strike and have durations of a few weeks [Dragert et al., 2004; Kao et al., 2006; Szeliga et al., 2008] . The slip, assumed to be along the subduction interface, usually has a magnitude of 2 -3 cm and causes transient seaward motion of up to 6 mm at Global Positioning System (GPS) sites. Equivalent moment magnitudes (M w ) for these slip events range from 6.2 to 6.8. In contrast, GPS at Nankai has not yet contributed to the detection of ETS, although it has detected other types of slow slip events of durations of months to years with centimetres of surface displacements [e.g., Ozawa et al., 2002 Ozawa et al., , 2004 . The lack of GPS resolution of ETS events at Nankai is commonly thought to indicate that the slip zones are smaller than those at Cascadia. However, slow slip events of a few days duration accompanying collocated brief tremor activity have been detected by high-sensitivity borehole tilt meters at Nankai. Inversion of the tilt meter data gives slip patches typically about 1000 -3000 km 2 in area with an average slip of a couple of centimetres, resulting in M w of 5.8-6.2 [Obara et al., 2004; Obara, 2005, 2006] .
[4] Frequent detection of tremor episodes of short duration and seemingly sporadic locations [Kao et al., 2007] suggests that northern Cascadia may also be rich in the ''Nankai-type'' smaller ETS events. However, these episodes tend to be most abundant in northern Vancouver Island, where the sparse GPS coverage (Figure 1 ) makes it difficult to detect deformation signals. In November 2006, small but coherent displacements were discerned at a couple of GPS sites in association with a week-long tremor episode in central Vancouver Island. A newly installed borehole strainmeter, fortuitously located near the tremor activities (Figure 1 ), also showed deformation signals. These observations provide the first opportunity to characterize slow slip in a small ETS event at Cascadia and make comparisons with Nankai.
Observations
[5] During November 5 -13, 2006, when southern Vancouver Island was near completion of its roughly 14-month ETS ''cycle'' [Rogers and Dragert, 2003 ], our dense seismic network detected tremor activity in a small area in central Vancouver Island. We determined the tremor source locations shown in Figure 1 using the Source-Scanning-Algorithm in conjunction with a threedimensional (3D) seismic velocity model, as outlined by Kao et al. [2006] .
[6] This brief tremor episode occurred in the northernmost part of the area of relatively dense GPS coverage (Figure 1) . In response to the tremor activity, we examined records of all nearby GPS sites to search for indications of accompanying slow slip. The procedure of data processing is as described by Dragert et al. [2001] , except that no network filtering is applied. Two coastal sites, UCLU and BAMF, showed subtle displacements during the tremor activity. At both sites, the ''long-term'' easterly motion of about 11 mm/yr with respect to stable North America due to the locking of the megathrust seismogenic zone [Wang et al., 2003 ] was interrupted by a brief westerly motion (Figure 2a) . The transient is similar to that observed during the typical large ETS episodes [Dragert et al., 2004] but is much subdued. Nearly buried in the day-to-day noise, there is also some very small westerly motion at site NANO, located to the east of the tremor sources. Despite the low signal-to-noise ratio in the GPS data, we were able to derive displacement vectors for these three sites (black arrows in Figure 3a ) by root-mean-square fitting of straight lines to the time series from August 1 to December 31 and a step on November 11 which is about the middle of the tremor period. It is unfortunate that the temporary sites WOR1 and YOUB, both near the tremor sources, suffered significant data loss and site problems during this period and did not yield useful data. The lack of discernable transient signals at all other operating sites, such as CART and SC04, and even PTAL which falls in the cluster of tremor sources (Figure 1 ), indicates that the spatial dimension of the slow slip must be limited.
[7] In 2005, a Gladwin borehole tensor strainmeter (B012) was installed at GPS site UCLU under the U. S. Plate Boundary Observatory (PBO) project (Figure 1 ). The strainmeter consists of four variable-capacitance horizontal strain gauges stacked vertically, three at equally spaced azimuthal directions and the fourth perpendicular to one of these three [Gladwin, 1984] . Independent measurements of fractional length change along each gauge axis can be made with a precision of 10 À10 and can be combined to obtain three components that describe the horizontal strain: the areal strain and the two shear strain components g 1 (= e EW À e NS ) and g 2 (= 2e EN ). Here e EW and e NS are the normal strains in the east-west and north-south directions, respectively, and e EN is the shear strain between these two directions. Clear transient signals were detected by B012 during the tremor activity (Figure 2b ), featuring a negative step in both shear components.
[8] Strainmeter data analysis for these new PBO instruments is still at a preliminary stage. Such effects as changes in atmospheric pressure and local hydrological system that introduce large noise to the areal strain are yet to be fully understood. Despite these difficulties, comparison of the tidal components in the strain records with theoretical tide models [Agnew, 1997] allows an empirical ''calibration'' of the short-term strain signals. As explained in the auxiliary material 1 , depending on which strain gauges in the borehole are used to derive the strain components, the g 1 response to tidal loading is smaller than the g 2 response by a factor of 0.45 to 0.87. Therefore, we reason that the amplitude of the g 2 variation shown in Figure 2b , including the negative step associated with the tremor episode, should be scaled down by the same amounts relative to g 1 . The reason for the different tidal responses of the two shear components as compared to the tide models and the dependence of the difference on the choice of gauges is not yet explained, but we suspect that different gauges are affected by vertical strain to different degrees (see auxiliary material). The large uncertainties preclude a more accurate estimate of the absolute and relative size of the negative step in the two shear components.
Model Characterization of the Slow Slip
[9] The most important constraints provided by the GPS observations described above are the $2 mm westerly motions of the two coastal sites and the smaller or lack of motion at other sites. The most important information from strainmeter B012 is that both shear components showed a sudden decrease and that the decrease in g 1 is larger than in the appropriately scaled g 2 . Other aspects of the strain data contain large uncertainties but still provide qualitative constraints: the transient in B012's areal strain is a slight increase, and the size of the negative step in its g 1 is about 50 Â 10 À9 to 100 Â 10
À9
. The limited data cannot resolve details of the slip and do not permit a meaningful inversion. Instead, we try to quantify the approximate location, spatial extent, and slip magnitude of the slip event by testing a number of simple scenarios.
[10] Similar to previously published slip models for Cascadia, we assume that the slip occurred along the subduction interface. We model the slip as edge dislocations continuously distributed along the interface embedded in a uniform elastic half-space and calculate surface deformation by numerically integrating point-source dislocation solutions of Okada [1985] using the method described by Wang et al. [2003] . The resultant deformation depends only on the Poisson's ratio, which was set to 0.25, as widely accepted for the earth's crust and uppermost mantle.
[11] We adopt an elliptical shape (in map view) for the slip patch (Figure 3a) . The azimuth of the slip is set to be uniformly 245°, roughly opposite of the direction of plate subduction; changing the azimuth by 5°causes little change to the model results. Along any profile in the downdip direction, the slip magnitude follows the bell-shape function proposed by Wang and He [2008] . The broadness and skewness parameters, both defined by Wang and He [2008] , are assumed to be 0.2 (moderately broad) and 0.5 (symmetric), respectively. The slip magnitude scales with the local width w of the slip patch as w À2.5 and therefore varies in all directions with a peak at the centre of the patch and decreasing to zero at the margins (Figure 3a) . Because the slip patch is on the prescribed fault surface, its depth is uniquely determined by its horizontal location. We consider this parameterization more natural than the uniform-slip planar rectangular fault used to model Nankai ETS events. The elliptical slip patch is free of artefacts caused by sharp corners of a rectangular patch, and the bell-shaped slip distribution is consistent with fault mechanics.
[12] Out of the numerous models we tested, we choose to display results for six of them to demonstrate the salient characteristics of the slip event. Model parameters and predicted strain changes at B012 are listed in Table 1 . Predicted surface deformation for model A is shown in Figure  3 together with its slip distribution. Predicted displacements at GPS sites are shown in Figure 4 for all the six models.
[13] Models A, B, and C differ in the strike-lengths of their slip patches (the major axes). As expected, the required slip decreases with increasing patch size. These models all produce $2 mm westerly motion at GPS sites UCLU and (Table 1) . (a) Slip distribution, with the perimeter of the slip patch outlined in white (slip azimuth is assumed to be uniformly 245°). In 3D, the slip patch is curved, following the subduction interface (dashed depth contours in km). Model predicted displacements at GPS stations are shown in white. Observed displacements with 60% error ellipses for the three stations listed in Figure 2a BAMF, less motion at NANO and little or no motion at PTAL and other sites (Figures 3a and 4a) , and they all yield shear strain changes consistent with observations at B012 (Table 1) . However, the smallest patch, Model C, is less preferred because it predicts a decrease in areal strain at B012. Also, we may qualitatively argue that Model A is slightly more preferred than Model B because it predicts smaller displacements at sites CART and SC04 and therefore is slightly more consistent with the GPS data.
[14] The along-strike positioning of the slip patch is well constrained (Figure 4b) . If the patch is shifted to the northwest (Model D), it predicts a southerly displacement at BAMF instead of a predominantly westerly displacement. If the patch is shifted to the southeast (Model E), it incorrectly predicts an increase in g 2 at B012 (Table 1) (the strain pattern shown in Figure 3 will be shifted to the southwest).
[15] In map view, our preferred slip zone is located slightly more seaward than the tremor cluster (Figure 4a ), similar to northern-Cascadia ETS events in 2003 and 2004 [Kao et al., 2006] . Shifting the slip patch of model A $15 km landward and hence $4 km deeper leads to greater motion at NANO than at UCLU, contradicting GPS observations (model F in Figure 4b) . A wider slip patch with its updip edge coinciding with that of model A and downdip edge with that of model F has the same problem (results not shown) and can also be rejected.
[16] There are at least two possible reasons for this sliptremor offset: (1) the tremor is not on the plate interface, or (2) if the tremor is on the interface, it tends to occur around the downdip edge of the slip zone. It may even be a mixture of both (Honn Kao et al., manuscript in preparation, 2008) . In any case, it cannot be explained by systematic errors in tremor location. In locating the tremor, we also tested a onedimensional seismic velocity model that is used for routine earthquake location in this region, and it only led to a greater scatter of the results not a systematic shift. A direct comparison with the Nankai events cannot be made in this regard, because the depth of the slip patch is set as a free inversion parameter in Nankai studies [e.g., Obara, 2005, 2006] while our slip patch stays on the subduction interface.
Conclusions and Discussions
[17] Although each observable in this brief ETS episode, namely tremor locations, GPS displacements, or borehole strain changes, by itself is inadequate to characterize the slip event, the combination of them yields valuable information. From the geodetic signals, including the lack of significant transient motion at most GPS sites, we have inferred that a small zone on the subduction interface slipped by up to $3 cm, amounting to an M w of about 6.2. In map view, the tremor sources are better correlated with the downdip edge of the inferred slip zone.
[18] This event has a much smaller strike dimension than previously reported typical northern-Cascadia events. It is logical to reason that the frequently occurring brief tremor episodes in central and northern Vancouver Island are probably commonly accompanied by similar slow slips. Seismic and geodetic signatures of ETS have been observed throughout the Cascadia margin [Brudzinski and Allen, 2007; Szeliga et al., 2008] . Slip zones of many of these events must be small, otherwise coherent transients at contiguous GPS sites would have long been observed even with the sparse station coverage of the past five years.
[19] It is remarkable that the 30-45 km depth range, $60 km downdip width of the slip patch, and 2$3 cm slip for this small event are similar to those of the large events at northern Cascadia [Dragert et al., 2004] as well as the small events at Nankai [Hirose and Obara, 2005] . It may indicate that ETS occurs only in a narrow strip of the plate interface controlled by stringent thermal and petrologic conditions [Wada et al., 2008] . The narrow strip can be segmented in the strike direction, displaying events of variable strike lengths but similar downdip widths and slip magnitudes. We also note that the slip duration for this small event is similar to the slip duration at any one place for Cascadia ETS events with larger moments: the larger events appear to last longer because they propagate further along strike [Dragert et al., 2001] . Consequently, each large Cascadia event can be viewed as sequential occurrence of a few contiguous smaller events.
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